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INTRODUCTION 

Not  long  ago  this  group  first  described  microelectrcchemical 
devices  which  are  based  on  microf abr icated  arrays  of  electrodes 
connected  by  eiectrcactive  materials.1  Because  the  active  oemptnen 
cf  these  devices  are  chemical  in  nature,  many  of  these  devices  are 
chemically  sensitive  and  comprise  a  potentially  useful  class  cf 
chemical  sensors.  Devices  showing  sensitivity  to  pH,  «2 ,  li"”, 

and  Na"*  have  been  demonstrated.^'^  These  devices  are  typically 
operated  in  fluid  solution  electrolytes.  If  this  class  of  devices 
to  be  useful  as  gas  sensors,  systems  which  are  not  dependent  on 
liquid  electrolytes  need  to  be  developed.  We  have  recently  reported 
solid  state  microelectrcchemical  transistors  which  replace  con¬ 
ventional  liquid  electrolytes  with  polymer  electrolytes  based  on 
pclyethy ler.eoxide  (PEC)  and  poiyvinylalcohol  (PVA) .  In  this  reper 
we  discuss  additional  progress  toward  solid  state  devices  by 
employing  a  new  polymer  ion  conductor  based  on  the  polyphosphazene 
comb-polymer,  MEEP-*  (shown  below).  By  t3kir.g  advantage  of  polymer 
ion  conductors  we  have  developed  microelectrochemical  devices  where 
ail  of  the  components  of  the  device  are  confined  to  a  chip. 

Polvfbis(2-(2-methoxvethoxv)ethoxv)DhosDhazenel 
MEEP/UCF3SO3  (4:1) 
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Figure  1.  A  conducting  polymer  based  microelectrochemicai 
transistor.  ?3MeT  connects  two  wires  of  a  microrabricated 
array.  Electrodes  i  and  2  are  source  and  drain,  respec¬ 
tively.  At  left,  Vr  is  such  that  the  polymer  is  neutral 
and  the  device  is  "off",  Ip  =  0.  Switching  Vq  to  an 
oxidizing  potential  (right)  turns  the  device  "on",  ID  >  0. 


MICROELECTROCHEMICAL  TRANSISTORS 


Figure  1  shows  a  cross-sectional  view  of  a  conducting  polymer- 
based  microelectrochemical  transistor.  Two  electrical  contacts,  the 
source  and  drain,  are  connected  by  an  electroactive  material  whose 
resistance  can  be  varied  as  a  function  of  its  state  of  charge.  In 
the  example  in  Figure  1,  the  electroactive  material  is  tne  conducting 
polymer  poly ( 3-methy Ithiophene ) ,  p3MeT,  which  in  its  neutral  state  is 
insulating  but  when  oxidized  becomes  conducting.  A  small  bias,  Vp, 
is  applied  between  the  sour  .  ...  d  the  drain  resulting  in  a  drain 
current,  Ip,  depending  on  th  ate  of  charge  of  the  conducting 
polymer.  For  a  given  Vp,  Ip  c_n  be  varied  by  changing  the  gate 
potential,  Vq,  of  the  system  which  in  these  devices  is  electro¬ 
chemical  potential.  The  faradaic  current  required  to  switch  the 
device  is  the  gate  current,  Iq.  The  device  output  is  usually 
represented  as  a  plot  of  Ip  vs.  Vq  for  a  constant  Vp .  This 
representation  provides  a  measure  of  the  relative  conductivity  of  the 
conducting  polymer  as  a  function  of  electrochemical  potential  for 
small  values  of  Vp . 


I 


'or 


In  our  devices,  the  source  and  drain  are  microf abricated  wires 
typically  -70  (im  long  x  -2.4  )lm  wide  x  -0.1  |im  high.^  An  array  of 
eight  gold  or  platinum  microelectrodes  with  interelectrode  spacing  of 
1.4  |im  is  fabricated  on  a  3  mm  x  3  mm  chip.*'®  The  switching  speeds 
of  these  devices  are  enhanced  by  small  electrode  spacings.^  In 
addition,  reduced  spacing  between  electrodes  and  small  electrode  area 
permit  studies  in  solid  electrolyte  systems  where  the  resistances  are 
typically  much  higher  than  in  liquid  electrolyte  solutions. 
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SOLID  STATE  MICROELECTROCHEMICAL  DEVICES 
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Electro! y t 


Preparation  of  solid  state  electrochemical  devices  require  that 
conventional  fluid  solution  electrolytes  be  replaced  with  a  sclrd  ion 
conductor.  Solid  electrolytes  have  been  widely  studied  primarily  for 
oh-,  development  of  high  energy-density  batteries.'  Classes  of  solid 
state  electrolytes  include  classical  solids  such  as  the  (3-aluminas, 
polyeiectr olytes  such  as  Nafion,  gel  electrolytes  and  polymer 
electrolytes. '  For  the  purpose  of  developing  solid  state  electro¬ 
chemical  devices,  polymer  electrolytes  are  promising  because  tr.ey  are 
easily  confined  to  microeiectrochemical  arrays  and  are  gas  permeable. 

For  application  to  the  surface  of  the  device,  the  polymer  and 
electrolyte  are  oodissoived  in  a  spreading  solvent.  After 
evaporation  of  the  solvent  the  polymer  electrolyte  remains  as  a  thin 
film.  The  concentration  of  the  salt  in  the  polymer  is  expressed  as  a 
ratio  of  the  number  of  polymer  repeat  units  per  unit  of  salt.  In 
these  studies,  the  MEE?/ LiCF 3SO3  ratio  is  4:1  or  5  :  1  .  3  The  ionic 
conductivity  of  these  polymer  electrolytes  is  thought  to  be  cue  to 
ion  hopping  between  Lewis  base  sites  along  and  between  chains.  This 
process  is  facilitated  by  small  amounts  of  a  coordinating  solvent.3 
Trie  devices  described  here  are  operated  in  the  presence  of  seme 
solvent  vapor.  Usually  20  jxl  of  THF  per  50  ml  N2  atmosphere  ever  the 
device  is  added  as  a  plasticizer. 


Transistor  Devices 

A  schematic  of  a  solid  state  p3MeT  transistor  employing  the 
MEE? / HCF3SO3  electrolyte  is  shown  in  Figure  2.  Ag  plated  onto  one 
microelectrode  serves  as  a  reference  electrode,  and  a  small  amount  of 
Ag  epoxy  close  to  the  array  serves  as  the  counter  electrode. 
Alternatively,  Ag  epoxy  can  be  used  as  both  reference  and  counter 
electrode.  Monomeric  3-methylthiophene  is  polymerized 
electr ochemically  onto  electrodes  2-4  in  CH3CN/O.I  M  (n-Bu^N) CiO^ . ^ 
The  polymer  is  confined  to  these  electrodes  by  holding  the  other 
electrodes  in  the  array  at  a  reducing  potential  to  discourage  polymer 
growth.  The  device  is  characterized  before  and  after  the  addition  of 
the  MEEP  electrolyte.  This  permits  comparison  of  the  device 
characteristics  in  solution  and  in  the  polymer  electrolyte.  Cyclic 
voltammetry  at  each  of  the  derivatized  electrodes  in  CH3CN/O.I  M 
LiCF3S03  is  shown  on  the  left  side  of  Figure  2.  The  magnitude  of  the 
current  is  the  same  whether  scanning  the  derivatized  electrodes 
together  or  individually,  showing  that  the  p3MeT  connects  the 
electrodes.  Cyclic  voltammetry  of  the  same  array  now  employing 
M£EP/LiCF3SC>3  electrolyte  is  shown  on  the  right  side  of  Figure  2. 

The  shape  of  the  curves  is  essentially  the  same  as  in  solution 
electrolyte.  The  currents  are  smaller  due  to  the  slower  scan  rates 
and  reduced  counterion  mobility  in  the  polymer. 
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Figure  2.  Top.  Schematic  of  a  p3MeT-based  solid  state 
microelectrochemical  device.  Center.  Cyclic  voltammetry 
at  the  p3MeT  derivatized  electrodes.  At  left,  the  device 
is  characterized  in  the  solution  electrolyte  CH3CN/O.I  M 
LiCF^SCj  before  the  application  of  MEEP .  At  right,  the 
same  device  is  characterized  under  MEEP/LiCF3S03  (5:1). 
Bottom.  Comparison  of  the  steady-state  Iq  vs.  Vq  of  the 
p3MeT  device  in  fluid  solution  electrolyte  and  under 
MEEP/LiCF3S03 .  Electrodes  3  and  4  are  source  and  drain 
respectively  (see  Figure  1). 


c  c  t  r.  5;  *  -  tier,  an  eel  yre  r  e  lee  -rely  tees  are  compared  ir.  F 1  eare  _ 
gate  potentials  where  the  polymer  is  neutral  the  device  is  "off 
t  it  turns  "nr."  when  V,-  is  moved  positive  to  an  oxidizing 
tential.  There  are  two  key  points.  First,  the  dram  current  of 
e  device  m  the  "on"  state  is  nearly  the  sane  under  the  polymer 


trelyte  as  it  is  in  the  solution  electrolyte.  Second,  the 
sistor  device  amplifies  small  electrochemical  signals,  an 
rtart  feature  of  all  transistors.  This  is  particularly  i.mpcrra 
olid  electrolytes  wr.ere  diffusion  coefficients  are  small.  Whe 
revise  15  turned  on,  the  leakage  current  through  the  gats  ic  v 
1  ( -  1  r. A)  w.-.er.  the  Iq  is  ~2G0  |lA.  However,  the  gain  is 
noted  tt  very  low  frequency  because  electrochemical  switching 
5 low .  " 
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W C -  is  an  example  of  another  class  of  eiectroact ive  material, 
oxides,  which  has  been  used  to  construct  micrceiectrochemca 
es.  -  WO3  is  a  wide  band  gap  semiconductor  with  high  resista 
3  neutral  state.--  Upon  reduction,  WO3  intercalates  cations 


an 


0  r. 


we 


a  -  H~,  Li*,  and  N'a*  and  becomes  conducting.  WOg-based 
sisters  shewing  sensitivity  to  pH  and  to  Li*  concentration 
demonstrated  in  solution  electrolytes . J  A  schematic  of  a 
/ WC 3  device  is  shown  in  Figure  3.  WO3  is  confined  to  the 
ired  electrodes  using  standard  photolithographic  technique 
transistor  character istics  of  this  device  are  also  present 
re  3.  At  potentials  where  WO3  is  neutral  the  devic-  is  "c 
ver  at  negative  potentials  WO3  is  reduced  and  the  device  t 
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Figure  3.  Top.  Schematic  of  a  W03~based  solid  state 
microelectrochemical  device.  Bottom.  Steady-state  ID  vs. 
Vq  of  the  device  diagrammed  at  top.  Electrodes  6  and  7 
are  source  d  drain. 
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Figure  4.  Top.  Schematic  of  a  solid  state  micro¬ 
electrochemical  diode  based  on  p3MeT  and  WO3  under  the 
polymer  electrolyte  MEEP/LiCF^SO^ .  Bottom.  Diode  char¬ 
acteristics  of  the  two-terminal  device  at  top.  The  device 
turns  cn  when  the  applied  voltage  is  equal  to  the  differ¬ 
ence  in  redox  potentials  of  the  two  materials  and  the  bias 
is  such  that  the  p3MeT  is  oxidized  and  the  WO3  is  reduced. 
If  the  bias  is  reversed  (not  shown),  no  current  flows. 


Diode  Devices 


3 y  confining  both  p3MeT  and  WO3  to  the  same  array  we  form  the 
basis  of  a  two-terminal  microelectrochemical  diode.  The  underlying 
principle  is  that  one  material,  the  p3MeT,  will  only  be  conducting 
when  it  is  oxidized,  and  the  other,  the  WO 3 ,  will  only  be  conducting 
when  reduced.  A  schematic  of  the  device  and  the  diode  characteristi 
are  shown  in  Figure  4.  Current  will  only  flow  in  the  two-terminal 
device  if  the  magnitude  of  the  applied  voltage  is  equal  to  the 
difference  in  redox  potential  of  the  two  materials  and  the  bias  is 
such  that  the  conducting  polymer  is  oxidized  and  the  metal  oxide  is 
reduced.  No  current  flows  when  it  is  reverse  biased. 


Devices  Cased  on  Redox  Conduction 

Conventional  redox  polymers  can  also  form  the  basis  of 
electrochemical  transistors.^  Conventional  redox  polymers  have 
lower  maximum  conductivity  and  yield  devices  having  lower  values  of 
Iu  than  conducting  polymers  or  metal  oxides.  Conventional  redox 
polymers  offer  an  important  design  advantage,  however.  Nearly  any 
stable  redox  active  material  can  be  incorporated  into  a  polymeric 
system  to  form  a  conventional  redox  polymer.  This  allows  the 
fabrication  of  devices  with  a  wide  range  of  chemical  sensitivities. 
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:asez  :r.  v:;.::er.,  :err::er.e  ana  qumc r.e-basea  redcx  polymers, 
'igure  5  shows  a.n.  exao.ple  from.  a  new  class  of  solid  state 
ticroelectrcchemical  transistors  which  are  based  on  redox  acti 
rclecules  dissolved  in  the  polymer  The  redox  active  material 
N,  '  ,  N' '  - tet r am.et hyl-r-phenyler.e diamine  { TMPD )  which  is  subli: 
.nt:  the  MEEP; Li:f3SD3  film..  Here,  the  MEE?/LiCF3SC3  acts  as 
:clymer  host  and  electrolyte.  The  transistor  characteristic  0 
levice  is  a-sc  s.nown  m  Figure  0.  3elcw  0.0  V  vs.  A.g,  the  dev 
:tf,  I-  =  ' ,  since  all  the  TMPD  is  neutral.  As  TMPD  is  cxidiz 
levies  turns  or.  with  a  maximum.  I-,  near  E-  ,■  2  of  TMPD’*'  We 
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;rt  mechanism,  is  via  seif 


st  ~i.<e~y  involves  noth  mec.na 

reparable  to  these  of  conventional  redox  polymers  where  the  r 
:s  are  covalently  bended  to  the  polymer  backbone  and  the 
tism.  of  charge  transfer  is  via  self -exchange . The  abili' 
cate  a  solid  state  micr oelectr ochemical  transistor  where 
5  molecules  are  not  required  to  be  covalently  attached  tc 
er  backbone  suggests  a  wide  range  of  .new  devices.  Of  par 
esc  is  the  prospect  of  including  chemical'  ■  sensitive  mol 
this  class  cf  device  for  potential  use  gas  sensors. 
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Figure  5.  Schematic  and  transistor  characteristic  of  a 
new  class  of  microelectrochemical  device  which  is  based  on 
a  redox  active  material  dissolved  in  a  polymer  ion 
conductor.  Here,  TMPD  is  sublimed  into  and  satu.  ates  the 
MEEP/LiCF tSO-j  film.  The  drain  voltaae,  Vn»  is  25  mV. 
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